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In this work, a mechanochemical procedure is proposed as a simple and fast method to synthesize pure 
BiFeO3 perovskite phase as a nanostructured material without the need for purification treatments, while 
the mechanochemical reaction mechanism has been investigated and correlated with that of the 
conventional solid-state reaction. Thus, different milling conditions have been used as a tool for tailoring 10 
the crystallite size of the resulting BiFeO3 nanoparticles. The materials prepared by mechanochemical 
reaction could be annealed or sintered without the formation of unwilling phases. Both the ferroelectric 
and ferromagnetic transitions were observed by DSC. Finally, the dielectric constants at different 
frequencies as a function of the temperature for the prepared material have been measured, showing that 
the material is clearly an isolator below 200ºC, characteristic of a high quality BiFeO3 material.15 
Introduction 
Multiferroics, by the original definition, are materials which 
combine two or more “ferroic” properties in the same phase: 
ferroelectricity, ferromagnetism and ferroelasticity. However, the 
possibility of ferrotoroidic order is included and the classification 20 
of a multiferroic has been broadened to include antiferroic order.1 
Among them, magnetoelectric materials are those which present 
an induction of a magnetization by an electric field or a 
polarization by a magnetic field. This compounds have attracted 
great attention in recent years,  because of their physical 25 
properties, that becomes these compounds potential candidates 
for technical applications such as data storage, spintronics, 
sensors, etc.2, 3 
Perovskites have been considered as the most promising 
multiferroic materials because many of them are magnetic or 30 
ferroelectric. However, only a few of stoichiometric perovskites 
present both properties at the same time.4 BiFeO3 is one of these 
compounds, which presents multiferroic properties at room 
temperature, making it one of the most studied multiferroics. 
BiFeO3 is reported to present a rhombohedrally distorted 35 
perovskite structure at room temperature with space group R3c. It 
shows a G-type antiferromagnetic behavior below its Néel 
temperature (TN ~ 360 ºC) and is ferroelectric below its Curie 
temperature (Tc ~ 830ºC). 5-8  
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Many attempts have been made in order to obtain a pure phase in 
bulk of BiFeO3 by means of numerous different processes, i.e. 
solid state reactions,9-14 wet chemical synthesis including sol-gel  
methods with the use of polymeric precursors,15-20 solution 
combustion methods,21, 22 mechanical activation,23 50 
mechanochemical synthesis,24-26 hydrothermal synthesis,27-30 
using molten salts,31, 32 and others, including combinations of 
these methods. However, pure BiFeO3 in bulk has been obtained 
only in special synthesis conditions because it is difficult to avoid 
the formation of small amounts of impurity phases, mainly 55 
Bi25FeO39 and Bi2Fe4O9,11, 21 although other phases could appear 
due to non-suitable preparation methods or an improper control 
of the experimental conditions. For instance, the Bi36Fe2O57 phase 
has been found in samples prepared by conventional solid state 
synthesis and in fibers prepared by sol-gel methods.33-35 The 60 
Bi46Fe2O72 phase was detected in samples prepared by 
conventional solid state synthesis and in nanoparticles obtained 
by sol-gel.34, 36 Both phases were also observed by Yuan et al.37 
The phase diagram proposed for the system Bi2O3-Fe2O3 shows 
that BiFeO3 is formed in a narrow range of compositions and, 65 
even, it has been argued that BiFeO3 is thermodynamically 
metastable in air12, 38, 39 and that its dissociation temperature is 
lower than its formation temperature.40 Researchers have 
suggested different reasons for the formation of secondary 
phases, but how these phases are formed during the synthesis or 70 
during thermal treatments are still under debate. 
 Several authors have reported that oxygen vacancies play an 
important role in the formation of deoxygenated impurities and
 
Table 1. Experimental conditions used for the different milling experiments. 
Experimental 
conditions 
Rotational 
speed 
(rpm) 
Jar radius 
(mm) 
Ball diameter 
(mm) 
Ball 
material 
Ball-to powder 
mass ratio 
Corrected  
impact energy  
(mJ hit-1) 
Power  
(W) 
1 700 19.8 15 Hardened Steel 20:1 60 12.6 
2 650 23.2 15 Hardened Steel 20:1 71 20.7 
3 700 23.2 15 Hardened Steel 20:1 82 25.8 
4 700 26.5 15 Hardened Steel 20:1 109 34.3 
5 700 26.5 16 Tungsten Carbide 40:1 230 72.6 
6 650 37.7 16 Tungsten Carbide 40:1 377 355 
.
have found that they are the main cause of low electrical  
resistivity and high porosity in the multi-phase synthesized  
samples.37, 41 In this sense, Yuan et al37 and Selbach el al42 have  5 
studied the influence of the partial pressure of oxygen in the 
stabilization of the BiFeO3 phase. They have proposed that the 
phase relations near BiFeO3 depends strongly on oxygen pressure 
and by DTA have determined that BiFeO3 is more stable in O2 
than in N2 atmosphere, thus a higher partial pressure of oxygen 10 
could stabilize BiFeO3. 
 Recently, it has been reported that nanostructured (0D and 1D) 
multiferroic materials show improved properties as compared 
with bulk ones. Thus, Chen et al have found that the dielectric 
constant of BiFeO3 pellets prepared from nanoparticles is much  15 
higher than the values previously reported for ceramics and 
films.31 Moreover, for this material, it has been described a size-
dependent magnetic behavior. Thus, Park et al have observed 
increased magnetization values at the nanoscale43 while 
Mazumder et al have reported that nanoscale BiFeO3 depicts not 20 
only high saturation magnetization but genuine ferromagnetic 
behavior with finite coercivity at room temperature.44 Da Silva et 
al have shown that BiFeO3 nanoparticles exhibit enhanced 
magnetization, enhanced coercivity, and shifted hysteresis loop.26 
Additionally, it has been described that the Néel temperature 25 
decreases with decreasing the crystallite size.19, 45 Finally, it has 
been confirmed the presence of strong multiferroic coupling in 
nanometric BiFeO3 and thus those nanoparticles are expected to 
be more useful for magnetoelectric device applications.45 
 Mechanochemical processes produce nanostructured materials 30 
by using mechanical energy to activate chemical reactions and 
structural changes as well as particle reduction.46 Thus, this has 
become a popular method to make nanocrystalline materials 
because of its simplicity, the relative inexpensive equipment 
needed and the applicability to essentially all classes of materials, 35 
existing the possibility to scale up to tonnage quantities of 
material for various applications.47 It has been shown that, by 
high energy mechanochemical milling process, some ferroelectric 
materials can be synthesized directly from their oxide precursors 
in the form of nano-sized powders, without the need for 40 
calcination at intermediate temperatures, thus making the process 
very simple and cost-effective.48 Various ferroelectric compounds 
have been produced via the high-energy mechanical milling 
processes, as barium titanate and barium titante composites,49, 50 
lead titanate51 and lead lanthanum zirconate titanate.52 The 45 
mechanochemical synthesis of BiFeO324-26 has been also reported 
in literature, but  the study of the factors influencing the 
kinematic of the mill on the reaction kinetic as well as the study 
mechanism of the reaction induced by mechanical treatment are 
still missing.  50 
 The objective of this work is to explore the mechanochemical 
synthesis as a general, simple and reproducible method to 
synthesize pure nanostructured BiFeO3 paying special attention to 
the mechanism of the solid-state reactions involved, the presence 
of intermediates and the formation of the final BiFeO3 55 
nanoparticles. Additionally, the control of the crystallite size of 
the products by means of selecting milling conditions will be 
investigated.  
Experimental section 
Sample preparation 60 
The samples were prepared from commercially available oxides: 
Bi2O3 (Sigma-Aldrich 223891-500G, 10 µm, 99.9% in purity) 
and Fe2O3 (Sigma-Aldrich 310050-500G, <5 µm, ≥99% in 
purity). This purity refers to maximum deviation from 
stoichiometry provided that both iron and bismuth have variable 65 
valence, but the starting materials used only contain traces of 
other metals. Stoichiometric amounts of the oxides were 
mechanically treated under different milling conditions, i.e. 
milling energy, reaction time and grinding atmosphere.  Two 
different planetary mills were used, i.e. Pulverisette 7 (Fritsch) 70 
and PM100 (Retsch). Both mills were modified by incorporating 
a rotary valve that allows connecting the stainless steel jar (sealed 
with a Viton o-ring and equipped with a male taper straight 
adaptor) and the gas cylinder during milling experiment. Thus, 
the pressure inside the jar could be maintained constant during 75 
the entire treatment even if the gas is consumed in the reaction. In 
all experiments, the jars were purged several times with the 
selected gas and then the desired pressure was selected and 
maintained during milling. The influence of the atmosphere in the 
grinding products was investigated by performing experiments 80 
under static air, nitrogen and oxygen.  
 To study the influence of milling conditions on the reaction of 
 
formation of BiFeO3, different experiments were performed using 
either stainless steel balls or tungsten carbide balls (table 1). The 
powder-to-ball mass ratio was set at 1:20 for stainless steel balls 
and at 1:40 for tungsten carbide balls. Thus, the empty-to-filled 
volume ratio inside the jar was identical for the whole set of  5 
experiments. The influence of the milling power on the reaction 
was investigated by modifying the jar diameter. 
Characterization 
X-ray diffraction patterns were collected with a Panalytical 
X’Pert Pro diffractometer working at 45 kV and 40 mA, using 10 
CuKα1,2 radiation and equipped with a X’Celerator detector and a 
graphite diffracted beam monochromator. The sizes of coherently 
diffracting domains and strain contents were calculated from the 
(024) diffraction peak by the line profile analysis procedure 
(Panalytical X’Pert Pro software) corrected for instrumental peak 15 
broadening determined with a silicon standard. Elemental 
composition of the samples was assayed by X-ray fluorescence 
analysis using an Axios XRF Spectrometer (Panalytical) 
equipped with a Rh tube.  
 The FullProf software was used for Rietveld refinements.53, 54 20 
The background was refined using a six-order polynomial 
function and a pseudo-Voigt with axial divergence asymmetry 
profile function was used to refine the shapes of the BiFeO3 
peaks. The space group R3c was used as a model, with the 
starting values of lattice parameters and atomic positions adopted 25 
from Moreau et al.8 Peak shapes, lattice parameters, and scale 
were refined simultaneously. Atomic positions and isotropic 
temperature factors were included in the refinement after 
convergence. 
 Raman spectra were collected with a dispersive Horiva Jobin 30 
Yvon LabRam HR800 microscope with a 20 mW green laser 
(532.14 nm) and using a 100× objective with a confocal pinhole 
of 10 μm. 
 The X-ray Photoelectron Spectra (XPS) were recorded with a 
Vacuum Generators, model Escalab 210, equipment by using a 35 
Mg Kα calibrated with C1s signal, with a pass energy resolution of 
50 eV. The spectra of the powder sample were recorded at room 
temperature under a residual pressure lower than 10-10 mbar. 
 The microstructure of the powders was studied by scanning 
electron microscopy (SEM) and high-resolution transmission 40 
electron microscopy (HRTEM). SEM micrographs were obtained 
in a Hitachi S-4800 microscope equipped with energy dispersive 
X-ray spectrometer (EDAX) attachment. High resolution 
transmission electron microscopy (HRTEM) measurements were 
carried out using a 300 kV JEOL JEM 300 UHR electron 45 
microscope with a LaB6 electron source and equipped with Semi 
STEM and EDX. EDX measurements were performed with an 
Oxford Instruments EDX detector. INCA software was used for 
evaluation of EDX measurements. The samples for electron 
microscopy were prepared dispersing the powder in ethanol and 50 
applying a drop of very dilute suspension on carbon coated grids. 
The suspensions were dried by slow evaporation at ambient 
temperature. 
 Differential scanning calorimetry (DSC) curves were recorded 
in air (100 cm3 min-1) on a simultaneous TG/DSC Instrument 55 
(Q600 SDT, TA Instruments, Crawley, UK). The experiments 
were performed at a heating/cooling rate of 10 ºC min-1 from 
250ºC to 850ºC in open alumina pans. The use of platinum pans 
has been avoided because it is well known that platinum and 
bismuth react to form different alloys at different temperatures.55, 60 
56 Dilatometric measurements were recorded in pellets using a  
Linseis TMA model PT1000 in air using 10 ºC min-1 heating rate. 
The pellets were prepared from as milled powders, pressed into 
discs of 6 mm in diameter and 2 mm in thickness by uniaxial 
pressing at 0.93 GPa and annealed at 850ºC, yielding a density of 65 
about 92%, as measured by Archimedes’ method. 
 Dielectric measurements (dielectric constant and dielectric 
loss) as a function of temperature were performed using a 4263B 
LCR meter.50 For these measurements pellets were prepared 
following the same procedure as described for the dilatometric 70 
measurements. 
 
Fig. 1. Diffraction patterns of the solids obtained after milling the 
stoichiometric amounts of the single oxides for different periods of time 
in static air under experimental conditions 1 (table 1). 75 
Results and discussion 
Fig. 1 shows the diffraction patterns of the solids obtained after 
milling the stoichiometric amounts of the single oxides for 
different periods of time in static air under experimental 
conditions 1 (table 1). It is important to take into account that 80 
each diffraction pattern shows the result of a unique experiment, 
thus the jars were only opened once the desired milling time was 
reached and, then, the diffraction patterns were recorded. Hence, 
the powder-to-ball ratio and the atmosphere in the jar were not 
modified during the experiment. From Fig. 1, it is clear that after 85 
only one hour of milling, the crystalline structure of the pristine 
oxides was partially destroyed, as expected for a high energy 
mechanical treatment. The diffraction pattern corresponding to 
two hours milling shows the presence of metallic bismuth. As 
milling time increases, the peaks of metallic bismuth become 90 
more intense, while the peaks of bismuth oxide totally disappear. 
Other authors have reported the presence of metallic bismuth 
when intending to prepare BiFeO3 by mechanosynthesis.57 
 The influence of the atmosphere on the reaction products was 
inferred from experiments performed in nitrogen and in oxygen 95 
(both at 7 bar), under otherwise identical conditions as those used 
for the experiment in Fig. 1 (experimental conditions 1 in table 
1). For the experiment in nitrogen, XRD results (Fig. S1†) were 
identical to those observed for static air. Thus, these results 
suggest that for the experiments in static air or nitrogen, bismuth 100 
 ] 
oxide was reduced to metallic bismuth by the iron of the milling 
elements, which oxidize to iron oxide as shown in the following 
redox reaction: 
                    ܤ݅ଶܱଷ ൅ 	2ܨ݁	 	→ 2ܤ݅ ൅	ܨ݁ଶܱଷ  (1) 
in agreement with the observations of Mozaffari et al58 that have 5 
shown the reduction of bismuth oxide to bismuth by milling with 
metallic iron. Thus, this redox reaction has prevented the 
formation of BiFeO3.  
Fig. 2. Diffraction patterns of the solids obtained after milling the 
stoichiometric amounts of the single oxides for different periods of time 10 
in oxygen (7 bar) under experimental conditions 1 (table 1). 
 On the other hand, experiment in oxygen showed quite 
different results as illustrated by the XRD patterns of the resulting 
solids (Fig. 2). Thus, after the initial amorphization of the oxides, 
for 1 hour milling treatment, the presence of the Bi25FeO39 15 
(sillenite) phase was observed. As grinding proceeds, this new 
phase was amorphisized and, eventually, the sample evolved to 
the desired BiFeO3 perovskite phase, which was totally formed 
after 25 hours of milling. The nanostructured character of the 
sample could be inferred from the broad X-ray diffraction peaks 20 
(Fig. 2). Further grinding treatments up to 35 hours did not 
produce modifications in the products as indicated by XRD 
results (Fig. 2). Thus, even the peak widths were identical for the 
XRD patterns corresponding to the samples ground for 25 and 35 
hours, indicating that the crystallite sizes remain unchanged. A 25 
change in the oxygen pressure in the range from 1 to 20 bar 
produced identical results as those reported in Fig. 2. For all the 
final milling products obtained under oxygen atmosphere, the X-
ray fluorescence analysis yielded a Fe/Bi atomic ratio of one, 
while chromium was not detected in the samples, indicating that 30 
there is not relevant contamination from jar and balls. These 
results showed that oxygen acts as an inhibitor of the bismuth 
reduction by the iron from the grinding media. Moreover, oxygen 
may have played a role as stabilizer of the BiFeO3 as it has been 
claimed in literature by different authors.37, 42 Thus, all further 35 
milling experiments were performed in oxygen. 
Fig. 3 shows the evolution of the minimum milling time required 
to obtain the pure BiFeO3 perovskite phase as a function of the 
milling power. Several authors have derived kinematic equations 
to describe the velocity of the balls in the milling jar.59-62 Thus, 40 
the impact energy (ΔE), defined as the energy transfer to the 
reactants in every hit, can be calculated from the following 
equation: 
 
  ∆ܧ ൌ െ݉ ቂܹݒଷ ோ௩ିோ௕ௐ௣ ൅ܹ݌ܹݒܴ݌ቃ ሾܴݒ െ ܴܾሿ  (2), 45 
where m is the ball mass, ܹݒ is the rotational speed of the vial, 
ܹ݌ is the rotational speed of the supporting disk, ܴݒ is the radius 
of the vial, and ܴܾ is the radius of the balls. In real systems, there 
is a hindering effect of the balls that decreases the impact energy. 
Thus, considering the hindering factor, , the corrected impact 50 
energy, E*, can be determined from the following equation:59 
 
                                	∆ܧ∗ ൌ ߮	∆ܧ   (3). 
 
The total power transferred to the sample during the milling 55 
experiment by the collisions can be described as follows: 
 
                                ܲ ൌ ∆ܧ∗	ܰ	݂       (4), 
 
being N the number of balls into the jar and f is the frequency 60 
with which balls are launched, i.e. ݂ ൌ ܭሺܹ݌ െܹݒሻ/2ߨ, where 
K is a constant that depends on ball diameter and mill geometry.62 
Values of corrected impact energies and power for the different 
milling conditions used here are presented in Table 1.  
 65 
Fig.3. Evolution of the minimum milling time required to obtain the pure 
BiFeO3 perovskite phase and of the crystallite size of the resulting 
materials as a function of the milling power. 
 Results in Fig. 3, show a clear influence of the power on the 
minimum reaction time required for the preparation of the pure 70 
BiFeO3 perovskite phase. Thus, while for a milling power of 12.6 
W (milling conditions 1 in table 1) a reaction time of 25 hours is 
required, for the largest power here used (355 W, milling 
conditions 6)  this time is reduced to about 45 minutes. The 
 
microstructure of the products is also influenced by the milling 
power (Fig. 3). Thus, for a milling power of 12.6 W (milling 
conditions 1), the crystallite size of the BiFeO3 is 13.1 nm and the 
strain 0.69%. An increase in the power to 20.6 W (milling 
conditions 2), produces a rise of the crystallite size to 14.5 nm 5 
and a decrease of the microstrain to 0.64%. Moreover, a milling 
power increase up to 25.8 W (milling conditions 3), produces a 
BiFeO3 with an average crystallite size of 16.4 nm and a strain of 
0.60%. Further increase in the milling power induces a significant 
change in the crystallite size to about 20 nm, and a reduction in 10 
the strain to about 0.45%. Interestingly, the reaction mechanism 
does not seem to change with the milling power.  
 
Fig.4. Diffraction patterns of the solids obtained after milling oxides for 
different periods of time under oxygen atmosphere for milling conditions 15 
3 (table 1). 
 Fig. 4 includes the diffraction patterns of the solids obtained 
after milling oxides for different periods of time in oxygen 
atmosphere for milling conditions 3, which corresponds to a 
milling power of 25.8 W. Fig. 2 and 4 show identical reaction 20 
mechanisms for both 1 and 3 milling conditions, except for the 
reaction times required to achieve certain step. Thus, after an 
initial amorphization of the bismuth and iron oxides, it is 
observed the presence of the Bi25FeO39 intermediate phase, which 
is eventually converted into BiFeO3 perovskite phase. 25 
Nevertheless, the kinetics of the reaction is much faster for 
milling conditions 3 than for milling conditions 1 and the reaction 
time required to produce the perovskite phase is reduced from 25 
to 8 hours. It is worth noting, that, as it was observed for milling 
conditions 1 (Fig. 2), once the BiFeO3 perovskite is formed, 30 
further milling up to 20 hours does not produce any change in the 
diffraction pattern of the products. Diffraction patterns of the 
products obtained after milling under experimental conditions 2, 
4, 5 and 6 in table 1 (Fig S2†) also show that the final product is 
BiFeO3 perovskite in all cases. 35 
Fig. 5 includes the evolution of the specific surface area of the 
powders milled under milling conditions 3 as a function of the 
milling time. The kinetics of mechanochemical reactions have 
been widely studied by the changes of the specific surface area.46 
In the first stages of the reaction a progressive growth of the 40 
surface area is expected during the activation of the reagents. 
Then, the plastic deformation of the particles is developed and 
finally, the crystallization of the products as well as repeated 
amorphization is achieved, and the specific surface area decreases 
for high energy ball milling.63 This behaviour has been observed 45 
for different kind of samples.64, 65 Moreover, a strong correlation 
between the variations undergone by the specific surface and the 
structural changes calcite ↔aragonite during the grinding of 
calcium carbonate has been also reported in literature.66  
 50 
Fig.5. Variation of the specific surface as a function of grinding time 
under milling conditions 3 (table 1). 
 During the mechanosynthesis of BiFeO3 (Fig. 5), the specific 
surface area suffers an increase in the first steps of the milling 
process up to about 20 minutes of treatment that corresponds to 55 
the amorphization of the original oxides, followed by a sharp 
decrease of the specific surface as the new sillenite phase is 
formed. Then, the specific surface area increases for treatment 
times longer than two hours, corresponding to the starting of the 
formation of the perovskite phase, reaching a final surface area of 60 
about 2.4 m2g-1 after 8 hours of treatment.  
 Raman spectrum for the BiFeO3 powder obtained under 
milling conditions 3 is shown in Fig. 6. A rhombohedral R3c 
structure gives rise to 13 Raman active modes: 4A1 + 9E. The 
spectrum obtained clearly presents 10 lines, three of them 65 
belonging to A1 modes at 170, 225 and 415 cm-1, and seven from 
E modes at 263, 293, 355, 372, 472, 525 and 618 cm-1. These 
values are in the range of those obtained by other authors for this 
material. Thus, Szafraniak et al observed, for mechanosynthetized 
BiFeO3, bands at approximately the same values for the A1 and E 70 
modes, but they observed one band at 137 cm-1 that was not 
observed in our samples excited by a green laser (532.14 nm) and 
they do not studied modes above 500 cm-1.24 Kothari et al and 
Singh et al studied samples prepared by solid state reaction and 
epitaxial films respectively. They found Raman modes shifted in 75 
general at lower positions than the observed in our 
mechanosynthetized samples,33, 67 while the bands observed by 
Fukumura et al for single crystals are shifted to higher positions 
with the exception of the E mode that they observed at 525 cm-1 
and in our samples appears at 618 cm-1.68 Our results are also in 80 
good agreement with those obtained by Yuan et al for samples 
prepared by rapid liquid-phase sintering.69 The absence of some 
bands, its broadening and small discrepancies in the positions 
could be related with the strain existing in the nanoparticles due 
to the mechanosynthesis process, as has been suggested by 85 
Szafraniak et al. These Raman spectroscopy results confirm the 
formation of the R3c phase. 
 ] 
 
 
Fig.6. Raman spectrum for the BiFeO3 powder obtained under milling 
conditions 3 (table 1). 
 The morphological changes in the samples could be inferred 5 
from SEM analysis. Thus, Fig. 7 shows the SEM micrographs of 
the starting oxides and the powders milled during 0.25, 1.5 and 8 
hours, and the EDX spectrum recorded for the final product 
obtained under milling conditions 3. Bismuth oxide (Fig. 7a), 
which has a polymeric layer structure,70  consists of highly 10 
aggregated laminated particles, while iron oxide (Fig. 7b), which 
is isostructural with corundum,71 consists of highly aggregated 
irregular particles. At the first stages of the mechanical treatment 
(Fig. 7c), bismuth oxide delaminates into single platelets mixed 
with the iron oxide particles. As milling proceeds and bismuth 15 
oxide reacts with iron oxide, the plate-like shape of the bismuth 
particles disappears and highly aggregated powders are obtained 
(Fig. 7d). After 8 hours of milling, when the reaction is 
completed as indicated by X-ray diffraction study (Fig. 4), the 
resulting materials consist of nanometric subunits aggregated into 20 
micron sized particles (Fig. 7e), characteristic of materials 
prepared by mechanical alloying.  It is worth noting that SEM 
analysis of pure Bi2O3 milled under identical conditions, show the 
disappearing of platelets from the beginning of the grinding 
(Figure not shown) suggesting that the presence of Fe2O3 seems 25 
to be responsible of the delamination of Bi2O3. The analysis of 
the EDX spectrum of the final product (Fig. 7f) reveals that the 
ratio Fe/Bi equals one, as expected for stoichiometric BiFeO3. 
The morphology of the resulting materials obtained under 
experimental milling conditions 1, 4, 5 and 6, as observed by 30 
SEM analysis (Fig. S3†), was very similar to that obtained under 
milling conditions 3 (Fig 7). Moreover, the EDX analysis 
indicates that all samples have a Fe/Bi ratio of 1 (Fig. S3†). 
 Fig. 8 shows TEM micrographs of the powder after 0.25, 0.75, 
6 and 8 hours of treatment under milling conditions 3. The low-35 
resolution micrograph at 0.25 hours (Fig. 8a) is very similar to 
that obtained by SEM (Fig. 7c), with laminated particles of Bi2O3 
of approximately 100 nm mixed with smaller particles of Fe2O3, 
which are irregular in shape. In the high-resolution micrographs, 
the phases detected from the interlayer spaces by the lattice 40 
fringes show that the powder consists of a mixture of the starting 
oxides, as observed by XRD patterns (Fig. 4). As an example, the 
high resolution TEM micrograph in Fig. 8b shows a uniform 
interplanar spacing of 0.325 nm corresponding to the (-121) plane 
of Bi2O3. Fig. 8c and d illustrates the TEM study after milling 45 
during 0.75 hours. The low-resolution micrograph (Fig. 8c) 
shows a highly aggregated material composed of irregular 
particles.  In the high-resolution mode (Fig. 8d), the intermediate 
Bi25FeO39 phase is observed with an interplanar spacing of 0.415 
nm corresponding with the (211) plane, in agreement with the 50 
XRD pattern recorded for this milling time (Fig. 4). After 6 hours 
of milling, the reaction is almost completed and the powder is 
clearly more homogeneous (Fig. 8e). The high-resolution 
micrograph (Fig. 8f) reveals the presence of particles of BiFeO3 
surrounded by a thin layer of amorphous phase, in agreement 55 
with the XRD study. Finally, the TEM study after 8 hours milling 
(Fig. 8g) reveals that the final particles consist of aggregated 
nanometric subunits with an average size of 25 ± 18 nm. This 
latter size is very close to that obtained using the single X-ray line 
fitting procedure for the crystallite size of this sample, confirming 60 
that the BiFeO3 subunits consist of single nanosized crystals. 
 
Fig.7. Scanning electron micrographs of the bismuth (a) and iron (b) starting oxides and the powders milled during 0.25 (c), 1.5 (d), 6 (e) and 8 (f) hours 
under milling conditions 3. 
 65 
 
 
 
Fig.8. TEM micrographs of the powder after 0.25 (a, b), 0.75 (c, d), 6 (e, f) and 8 (g, h) hours of milling under milling conditions 3
High-resolution TEM study confirms that BiFeO3 is obtained as  
homogeneous nanoparticles after 8 hours of grinding under 5 
milling conditions 3. As an example, a particle with an 
interplanar spacing of 0.279 nm corresponding of the (110) plane 
of BiFeO3 is presented (Fig. 8h). Besides, particles were free of 
any amorphous layer on the surface, unlike many materials 
prepared by mechanical alloying. EDX analysis (Fig. 9a) 10 
confirms a Bi/Fe atomic ratio very close to 1, as expected for 
BiFeO3. The scattering vector versus intensity corresponding to 
the electron diffraction pattern in the inset for the final product 
after 8 hours of milling is also shown in Fig. 9b. This pattern is 
identical to that obtained by XRD (Fig. 4) demonstrating that the 15 
final product is the desired phase BiFeO3. TEM, EDX and SAED 
analysis of samples obtained under other milling conditions show 
a similar behaviour (Fig. S4† and S5†).  
 
Fig.9. EDX analysis (a) and scattering vector versus intensity 20 
corresponding to the electron diffraction pattern shown in the inset (b) of 
the final product after 8 hours of milling under milling conditions 3. 
 XRF analyses show, for all samples, that the ratio  Fe/Bi = 1 of 
the starting mixture is maintained all over the grinding process, in 
agreement with the EDX observations. It would be expected that, 25 
if a significant amount of iron were incorporated to the ground 
product from the milling media, such a ratio would increase, 
contrarily to our experimental observations. Moreover, if we bear 
in mind that the grinding media is made of chromium steel, a 
contamination with chromium would necessarily occur if material 30 
from the grinding media were incorporated into the milled 
product, while this metal has not been detected. These results 
suggest that the effect of the oxygen atmosphere is just to inhibit 
the reaction between bismuth oxide and the iron of the grinding 
media avoiding the reduction of this oxide. 35 
   
 
Fig.10. XPS  spectra for Fe2p (a) and for Bi4f (b) for the sample milled 
0.5 hours under milling conditions 3.  
 ] 
 X-ray photoelectron spectroscopy (XPS) is very sensitive to 
the chemical composition of the outermost layers.  Fig. 10 shows, 
as a way of example, the spectrums for Fe2p (Fig. 10a) and for 
Bi4f (Fig. 10b) for the sample milled 0.5 hours under milling 
conditions 3. Measured binding energies are in the range of those 5 
reported for Fe+3 and Bi+3,72, 73 while Fe+2 or Bi+5 ions are not 
detected. For this sample, the atomic ratio of bismuth to iron is 
approximately equal to eight, showing enrichment in bismuth in 
the outermost layer of this sample. This ratio decreases as the 
milling time increases, being one for the resulting BiFeO3 10 
obtained after 8 hours of milling (Fig S6†).  
 All these results support that the mechanochemical reaction 
between Bi2O3 and Fe2O3 takes place through a mechanism that 
implies the diffusion of Bi3+ inside the Fe2O3 particles. It is 
noteworthy to point out that Bernardo et al74 have studied the 15 
reactivity of Fe2O3 and Bi2O3 by heating two pellets of these 
material previouslys pressed with a platinum mark in between to 
follow the diffusion process according with the Kirkendall effect, 
and they concluded that the reaction implies the diffusion of Bi3+ 
into the iron oxide pellet. Thus, for the mechanochemical reaction 20 
(Fig. 11), in a first step, the pristine oxides are amorphysized, as 
shown by XRD (Fig. 2 and 4), by the high energy of the ball 
impacts. Besides, bismuth oxide that has a polymeric layer 
structure and is the softest of the two reactants,75, 76 coats the 
harder iron oxide particles. Thus, the chemical analyses show a 25 
larger concentration of bismuth species on the surface for the 
intermediate materials. It has been observed that as milling 
further continues, the diffusion of the bismuth into the hematite 
phase progresses and an intermediate compound, i.e. sillenite 
(Bi25FeO39), is formed in the interphase. The formation of this 30 
compound is observed both by XRD and high resolution TEM for 
all the grinding conditions investigated here, suggesting that it is 
a necessary step for the mechanochemical formation of the 
perovskite phase. The formation of sillenite as intermediate has 
been observed for both thermal solid-state and hydrothermal 35 
procedures.74, 77 In this work, for the sillenite phase, it has been 
used the Bi25FeO39 formulae, unlike some other works that take 
Bi25FeO40,39, 77, 78 because, this latter formula implies that one Bi 
ion takes a +5 valence, while we have not observed any Bi5+ ions 
in the XPS measurements. As milling continues, it produces 40 
amorphization of the sillenite phase followed by the formation of 
the final perovskite phase. 
 
Fig.11. Schematic diagram of the mechanism for the mechanochemical 
reaction.  45 
The electron microscope study shows that the final product 
consists of nanometric crystals aggregated into larger units, while 
amorphous phases, commonly observed for ground materials on 
the surface of the particles, were not detected in this case. The 
formation of aggregates in materials obtained by mechanical 50 
alloying is a very general observation and it has  been explained 
in terms of a cold-welding mechanism produced by the “extra-
energy” stored by the strains induced by lattice imperfections 
generated during grinding.79-82 Thus, the resulting aggregates are 
formed by small crystallites welded into a mosaic structure where 55 
the grain boundaries are the main contribution to the microstrains. 
80, 82 The reverse relationship between the average crystallite size 
and microstrains percentage shown in Fig. 3 supports this 
conclusion. 
 For the sake of comparison of the mechanisms of 60 
mechanochemical reaction and conventional thermal solid state 
reaction, Fig. 12 includes a set of XRD patterns obtained for the 
products of the solid state reaction at different temperatures in air. 
Thus, for the lowest temperature, i.e. 600ºC, a mixture of BiFeO3 
and Bi25FeO39 phases is detected. As temperature increases up to 65 
750ºC, the percentage of the Bi25FeO39 phase decreases while that 
of the BiFeO3 increases, indicating that Bi25FeO39 is an 
intermediate for the synthesis of BiFeO3 perovskite, in a similar 
way that it was observed for the mechanochemical reaction 
described above. At 800ºC, in addition to BiFeO3 and Bi25FeO39, 70 
a new phase, i.e. mullite (Bi2Fe4O9), is present. At temperatures 
higher than 800ºC (pattern not shown), the percentage of 
unwilling phases increased. Thus, by conventional thermal solid 
state reaction, the presence of impurities could not be avoided in 
the entire range of investigated temperatures. This observation is 75 
in agreement with previous results published in literature, where 
it has been claimed that the formation of BiFeO3 and the 
crystallization of Bi2Fe4O9 mullite particles take place 
simultaneously, and even changing experimental conditions such 
as heating conditions or using co-precipitated samples could not 80 
avoid the formation of unwilling phases.74 Thus, a further 
purification step, for example by acid treatment, is required to 
purify the powders obtained by conventional thermal solid-state 
reaction, while this treatment might change the stoichiometry of 
the system and/or dissolve part of the perovskite phase. 85 
 
Fig.12. Diffraction patterns obtained for the products of the Bi2O3 + 
Fe2O3 solid state reaction at different temperatures in air. 
 
In contrast, the XRD pattern corresponding to the sample ground 
for eight hours under milling conditions 3 and heated to 850ºC 
corresponds to pure BiFeO3 phase (Fig. 13), as confirmed by 
Rietveld refinement using an R3c space group. The calculated 
pattern clearly fits the experimental data even at high values of 5 
theta, providing the goodness of the refinement. The cell 
parameters, atomic coordinates, thermal isotropic factors, and 
discrepancy factors obtained are shown in Table 2. Structural data 
is in agreement with previously reported results for BiFeO3 
prepared by means of other methods.18, 21, 83 The inset (Fig. 13) 10 
shows the unit cell calculated using the cell parameters obtained 
by the refinement. 
 
Fig.13. Diffraction pattern corresponding to the sample ground for eight 
hours under milling conditions 3 and heated to 850ºC (dots). The solid 15 
lines are the results of the Rietveld refinement. The inset shows the 
resulting unit cell.  
 
Table 2. Rietveld refinement structural parameters from an XRD patter 
corresponding to the sample ground for eight hours under milling 20 
conditions 3 and heated to 850ºC. 
Cell parameters (Å) 
a = 5.5798(5)                b = 5.5798(5)             c = 13.8724(1) 
α = 90º                           β = 90º                       γ = 120º 
Atomic parameters 
 Wyckoff site x y z Biso Mult.
Bi 6a 0.00000 0.00000 0.00000 0.309 6 
Fe 6a 0.00000 0.00000 0.22067 0.310 6 
O 18b 0.44511 0.01262 0.95238 0.346 18 
Discrepancy factors  
Rp:  6.66        Rwp:  9.26       Rexp:  6.00      χ2:  2.38 
 
 
 The DSC measurements show the multiferroic character of the 
prepared samples. Thus, Fig. 14a includes, as an example, the 
DSC of the as ground powders obtained under milling conditions 25 
3. The DSC trace shows two endothermic peaks. The first one is a 
weak peak at 367 ºC corresponding to the Néel temperature (TN, 
antiferromagnetic-paramagnetic transition), while the second one 
is a more intense peak at 828 ºC corresponding to the Curie 
temperature (TC, ferroelectric-paraelectric transition). The same 30 
peaks have been observed on the DSC plot in Fig. 14b 
corresponding to the sample obtained under milling conditions 3 
and heated at 850ºC, supporting that the powders directly 
obtained by grinding are constituted by pure BiFeO3 according 
with the results above reported. The smaller crystallite size of the 35 
as ground powders explains the broadening of the peaks as 
compared with that of the heated sample. The values of TN and 
TC are in good agreement with previous reports.13, 38, 84, 85 The 
cooling ramp shows the reversibility of both transitions and the 
enthalpy associated is 3.50 ± 0.50 kJ mol-1 for the ferroelectric 40 
transition. The thermomechanical curve of a dense (>92%) pellet 
prepared by sintering of the sample obtained under milling 
conditions 3 at 850ºC, also shows the reversible ferroelectric 
transition as a large negative thermal expansion at TC (Fig. 14c), 
in agreement with DSC results shown above. 45 
 
Fig.14. (a) DSC corresponding to the sample obtained under milling 
conditions 3 and heated at 850ºC. (b) Dilatometric curve of a dense 
(>92%) pellet prepared by sintering of the sample obtained under 
grinding conditions 3 at 850ºC. 50 
 Fig. 15 includes the evolution of the dielectric constant and the 
dielectric loss as a function of the temperature at different 
frequencies for a dense (>92%) pellet prepared by sintering of the 
sample obtained under grinding conditions 3 at 850ºC. The values 
of the dielectric constant at room temperature were 100.7, 93.1 55 
and 84.8 for 1 kHz, 10 kHz and 100 kHz, respectively. 
Additionally, Fig. 15a shows for the dielectric constant an 
increase with temperature and a decrease with the frequency. 
Moreover, Fig. 15b shows very low values of tan  up to about 
200 ºC. These results clearly show that the sample is a good 60 
electrical insulator up to 200ºC as expected for high quality 
BiFeO3 material.5, 38 Thus, the proposed method allows obtaining 
materials with excellent electrical properties. This is a very 
interesting characteristic of the prepared samples, as far as it has 
 ] 
been recognized the difficulties in preparing insulating BiFeO3 
materials due to presence of secondary phases or oxygen 
vacancies that yield semiconductivity at room temperature 
causing high leakage currents.34, 86-88 A detailed analysis of the 
electrical properties of these samples by impedance spectroscopy 5 
has been carried out elsewhere.89  
 
 
Fig.15. Evolution of the dielectric constant (a) and dielectric loss (b) as a 
function of the temperature at different frequencies for a pellet prepared 10 
by sintering of the sample obtained under grinding conditions 3 at 850ºC. 
Conclusions  
It has been shown that direct mechanochemical reaction allows 
obtaining pure nanostructured BiFeO3 perovskite by grinding 
pure Fe2O3 and Bi2O3 in oxygen atmosphere at reaction times 15 
even smaller than 50 minutes. The crystallite size of the material 
could be tailored by selecting the proper milling conditions, in 
particular the milling power. Thus, particles in the range from 
about 13 to 20 nm could be obtained. The mechanism of the 
reaction has been studied, concluding that the reaction involves at 20 
the first stages of the high-energy milling, the coating of the 
Fe2O3 particles by Bi2O3 followed by the diffusion of the bismuth 
into the iron oxide to produce an intermediate, i.e. Bi25FeO39. As 
milling proceeds, the pure perovskite phase is formed. The 
nanoparticles obtained has been annealed or sintered without the 25 
formation of unwilling phases such as mullite. This is a 
significant difference with other methods that produce some 
amount of unwilling phases that should be somehow removed. 
The multiferroic character of the prepared material was observed 
by DSC measurements that have shown both the ferroelectric and 30 
ferromagnetic transitions at 367ºC and 828ºC, respectively. The 
electrical characterization (dielectric constants and dielectric 
losses) of the prepared sample have shown it is a good electrical 
insulator up to 200ºC as expected for high quality BiFeO3 
material.  35 
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